Construction managers rely on ready access to a large amount of project information. The entry, processing, and flow of information is important in avoiding problems, delays, and claims on construction projects. This paper describes a study of the extent and nature of project documentation and project information flows within the construction industry. The study mapped various types of project information against the documents that typically provide the information and the construction management functions that provide and access the information. From this analysis, a computer system to support the task of project information management was designed. The problem analysis, requirements specification, system design, and system implementation are described. The system allows construction managers to enter information for a wide-variety of project events, cross-reference the various bodies of information, and use the information to monitor and control various aspects of a construction project. The objective of the study was not necessarily to improve upon commercially available project information and documentation tools, but to deepen and formalize our understanding of project information as an input to a larger body of work on integrated project information systems and data standards for the construction industry.
Effective control of information flow is a critical ingredient throughout the life of construction projects.
Examples include the control of information to describe the required work, to support decision making, to analyze progress, to pass on to other participants, to record for future reference during claims, to support estimating on similar projects in the future, etc. (Tenah 1981 (Tenah , 1984 (Tenah , and 1986 . While the quantity and timing of information flows on construction projects would be difficult to administer in any industry, it is made even more difficult by several defining characteristics of the construction industry. For example, the construction industry is marked by large numbers of participating companies collaborating for relatively short project life-spans, a lack of control over the location and working conditions of construction sites, relatively low levels of management support, and fragmentation within the industry (Russell and Froese 1997) .
The need has long existed for tools to streamline the job of information management for construction professionals.
While manual, paper-based information flow on construction projects still dominates, computers are increasingly becoming a central component of project information systems. Several areas in construction management-such as scheduling, estimating, cost control and accounting-employ well-established computer applications. While these tools are invaluable for carrying out the laborious calculations and data tracking for these tasks, they represent a small portion of the day-to-day construction management activities. Tools such as word processors and simple databases contribute to a much broader range of construction management tasks, but the level of their contribution is limited by their very generic nature. This paper addresses a different class of computer applications for construction management, namely comprehensive project information systems. These systems help process and administer a wide range of project information and documentation such as drawings and specifications, correspondence, tendering documents, progress tracking, etc. The depth of analysis performed by these systems may be less than scheduling and estimating systems (i.e., they carry out much less detailed calculations and data processing), but they contribute to a much broader range of construction management activities. A small number of commercial software packages exist within this area of application and a number of research studies have demonstrated the potential benefits of computer-based information systems for construction projects (Barnes 1993 , Chamberlain 1991 , Krone 1993 , Russell 1993 , Tokar 1990 . Claimed benefits include improvements in the speed of data processing and data retrieval, data accuracy, project management efficiency, decision-making support, document reduction, responsibility tracking, historical document tracking, etc. This paper presents results from a research project that attempted to draw from past work in this area to analyze information flows in construction and to produce a series of matrices that describe information users and sources on construction projects. The paper then describes the analysis and design of a prototype project information management system.
The problem analysis, requirements specification, system design, and implementation of the system are described. The system allows construction managers to enter information for a wide-variety of project events, cross-reference the various bodies of information, and use them to monitor and control various aspects of a construction project.
The primary goal of both the information analysis phase and the system analysis and design phase is not to necessarily improve upon existing commercially available tools, nor to produce a system that is entirely viable as-is for use on actual projects. Rather, the primary goal is to contribute an understanding of construction information and documentation that is more detailed and structured than any we have found in current research or practice. Although it is beyond the scope of this paper, this work forms an important ingredient to a larger research program aimed at producing advanced integrated systems for project management and data standards for information exchange within the construction industry .
RELATED WORK ON PROJECT INFORMATION AND INFORMATION SYSTEMS
This section provides a brief overview of several studies reported in the literature relating to information systems for construction projects. A number of commercial software packages that relate to this topic are also listed. The sources outlined here provide the basis of the analysis of project information flows and the system development presented in the following sections.
The construction industry is information intensive. It needs accurate, reliable, and timely information regarding legal requirements, building codes and standards, manufacturer's specifications, site-specific data, past projects, etc. Several issues concerning information in the construction industry have been identified in the literature.
For a contractor, the management of project information begins the day the decision is made to bid on a contract and continues well after the close-out phase (Kangari 1995) . A great many types of documents are used during the construction process (Ganeshan et al., 1994) . Keeping track of information flow on a construction job site is a vital task that has a direct bearing on the timely completion of a building project (Rasdorf and Herbert 1988) and on issues such as disputes (Kangari 1995) . Russell (1993) describes a computerized approach for collecting and processing site information that builds on the traditional superintendent's daily site report. Krone (1993) discusses the benefits of managing construction change orders with computers over manual methods. The purpose of a computer-based information system for engineers is to integrate the collection, processing, and transmission of information so that engineering professionals can gain more systematic insight into the operations and functions they are managing (Lock 1993) .
The computerized information system's primary function is to improve project managers' efficiency in retrieving project information from existing records (Tokar 1990) . Virtually all medium and large-size construction firms have computer-based organization of cost accounts and other data. With advancements in computer technologies, particularly in database management systems (DBMS), it is cost-effective to develop a computerized database for even small projects and organizations.
A database can be seen as an attempt to overcome some of the limitations imposed by conventional filing systems, such as uncontrolled redundancy, inconsistency, difficult data sharing, and modification inflexibility. Mazerolle and Alkass (1993) propose a DBMS in a project control process to store information on each delay when it occurs. Hiroshi and Nobuoh (1993) describe a filing system of construction pictures and its integration with a database. Bowler (1994) points out the importance of relational database management programs (RDBMS) in the engineering office and discusses the use of databases for technical, project management, business development, and administrative applications. Hamilton (1991) states that using a relational database improves record management processes such as tracking the progress and location of shop drawings within a firm, listing present and past projects, maintaining correspondence, calculations, telephone records, memoranda, etc.
Several commercial and research software systems exist that contribute in varying degrees to project information management. For example, one document and contract control software for engineering and construction, Expedition by Primavera Systems, Inc., was developed specifically for the construction industry. Expedition can help to manage tasks such as reviewing a submittal, making notes from a telephone conversation or doublechecking approvals on a change order. It helps to file, track or retrieve a wide range of contract information. Other related commercial packages include Project Axis from Frontrunner, Job Center from Quickpen International, and Prolog Manager from Meridian Project Systems.
RMS (Resident Management System) is a DBMS developed by the U.S. Army Corps of Engineers to support the 3-phase inspection process used by the Corps to administer construction projects (Ganeshan et al., 1994) . In this system, work is divided into work activities and the contract requirements for each activity are maintained with that activity. It also helps to write and track modifications, manage contract finances, process progress payments, and complete contract correspondence.
MULTROL, a multimedia project control and documentation system, was developed by Liu et al. (1994) . The retrieval of project information is assisted by a graphical user interface and user definable queries to support various needs of construction management. This system allows the storage and retrieval of project information in the format of text, image, video, and sound.
A FRAMEWORK FOR SYSTEM ANALYSIS AND DEVELOPMENT
As illustrated by the preceding discussion, numerous studies have focused on information flow throughout construction projects and a number of computer programs have been developed to help support this area. However, we have not found a thoroughly comprehensive treatment of the documents and information flows within construction projects, particularly as they relate to computer support tools.
Furthermore, we are interested in examining how issues of project information systems fit within a larger context of integrated project management systems and standard data models for representing and exchanging all forms of project information among all project participants (Russell and Froese 1997 , Froese et al. 1996 . The research reported in this paper took a step towards this objective by attempting to produce an extensive inventory of the types of documents used on construction projects. This was subsequently analyzed to develop a clearer overall understanding of the functionality and information flows involved. This work culminated in the design and implementation of a prototype Project Management Information Control System (PMICS). While this system did address some areas not covered by other existing systems mentioned above, a major objective of the system was to serve as a focal point for collecting and analyzing data about project information flows for integrated computer systems rather than in creating a new class of software application.
To meet the goals of this research, a formal development methodology was adopted. Several researchers have addressed different aspects of development methodologies for information systems (Sadri and Kangari 1993 , Sanvido and Paulson 1992 , and Couzen et al. 1993 . Scarponcini (1989) proposes some common conditions of methodologies for designing databases for the construction industry by emphasizing that "information follows function". The functions executed by construction personnel dictate the information that these personnel need and provide. The functions must be understood before the information can be identified and efficiently modeled.
On the basis of these researchers' recommendations, a development framework was established (see Figure 1) . The model includes four phases: domain analysis and document identification, requirements formulation, system design, and implementation. Each phase includes different steps and procedures, and identifies its final product.
The following sections explain the framework for the system development, describe the procedures adopted for each element of the framework, and comment on the results. 
DOMAIN ANALYSIS
The first phase of the PMICS development effort involved an analysis of the domain of project information systems. This included a study of the environment, the users of information and their information needs, and sources of information. To address these issues, some type of analytical tool was required. This tool could be descriptive, illustrative or graphical. A matrix model is useful when two or more entities are related, and several researchers have proposed various forms of matrix models for information analysis including a "management recipients/summary reports" matrix (Tenah 1984) , a "document/distribution" matrix (Lock 1993) , a "project/responsibility" matrix (Peters 1984) , a "data/process" matrix (Benyon 1990) , and a "personnel/functional" matrix (Barton 1985) .
Drawing upon some of these approaches, the first phase of the current research focused on identifying construction documents which contain information that is used by construction personnel for solving problems, pursuing claims, providing instructions to site personnel, etc. This represents a bottom-up approach to systems analysis: that is, starting with a study of the specific data and processes in the asfound domain and working towards a comprehensive logical or conceptual framework of the system and the domain. A matrix approach was adopted to determine the information needs and the documents that contain them. A set of four matrices was developed for this purpose. The following steps, as shown in Figure1, provided the necessary information for the next phase.
The first step of this phase of the research involved a thorough literature search of several fields relating to construction projects, including documentation, organization, personnel roles, claims, risks, the use of multimedia data, integrated information management, economics, construction management, and civil engineering computing. This literature search aided in the understanding of documents and their purposes, construction personnel roles and responsibilities, advances in integrated information technology, etc. It also led to the production of a framework for construction documentation, particularly a breakdown of documents, a breakdown of participants, a document/participant matrix, and common data items across documents.
The second step was to identify construction personnel functions. This step involved identifying various construction personnel along with their roles and functions. Based on the literature review, a first matrix, M-1 (Figure 2 ), of personnel versus functions was developed wherein each component of the functions of construction site personnel was defined. Matrix M-1 includes all the generic functions of construction personnel during the construction phase of a project, including general management, accounting, financing, personnel management, engineering, estimating, planning, project management, construction management, site management, procurement and safety. Matrix M-1 was then condensed to produce a construction personnel versus functions matrix M-2. Matrix M-2 ( Figure 3 ) focuses only on the project and site management functions.
The third step was to define the information needs of construction personnel. This involved identifying the type and attributes of information needs based on the functional requirements of each construction personnel. This analysis is presented in matrix M-3 (Figure 4 ) which was derived by relating the construction personnel defined in matrix M-2 with the information they require in order to carry out their functions.
A fourth step involved identifying the documents that contain the information outlined in matrix M-3. This is described in matrix M-4 ( Figure 5 ) which shows documents versus information.
Based on the matrix M-4, several central documents or user views were identified. A selection of thirteen of the most frequently used views was considered for the system development. The selected views are a bill of quantities, bid summary sheet, change orders log, correspondence log, daily site reports, defective-work notices log, materials storage log, monthly progress reports, site photographs log, requests for information (RFI) log, shop drawings log, spare parts log, and punch list log. Each of these views is discussed in the system design section later in this paper. 
PERSONNEL vs. FUNCTIONS MATRIX (M-1)

REQUIREMENTS FORMULATION
Working from the above analysis of the project information domain, the next phase was formulating the requirements for the PMICS. This phase defined the purpose of the database, the scope of information to be contained in it, and the desired functionality. The steps for this phase are shown in Figure 1 and discussed in the following sections.
The Construction Project Environment
The construction project environment is dynamic, complex, and information-rich. Construction projects progress through various life-cycle stages, such as tender, award of contract, pre-construction, construction, and commissioning.
After a construction contract has been executed, all the bids from suppliers and subcontractors are reviewed so that contracts can be awarded and other commitments firmed up to start the flow of labor and materials to the job site. During these stages, the project manager needs information to make important decisions.
The bulk of information associated with construction projects requires a formal organization to maintain control over the information. Effectively managing this bulk of information to ensure its availability and accuracy is an important managerial task.
After analyzing the construction documents and establishing information needs, it is necessary to assess the construction environment to specify the context and requirements for an information system. This is required to establish a scope for the database and the business areas or functions to be addressed.
The typical user envisioned for the PMICS is a small or medium-sized construction company (the system could also apply to larger companies, though they may rely on larger-scale enterprise systems rather than stand-alone desktop systems). This company works as a general contractor on most of its projects and employs a number of trade subcontractors. The company employs a number of managers to oversee projects. Depending on their specific functions and responsibilities, the managers prepare and receive numerous periodic reports, including progress reports, daily reports, cost reports, project control reports, etc. An organizational chart for such a company was used to depict the various users and their inter-relationships for the PMICS.
The project participants that typically collaborate in the construction process include the project management team, the contractor's home-office, the owner, architects and engineers (A/E), subcontractors, suppliers, and equipment rental companies. This aspect of the construction project environment was modeled through a participants/information-flow diagram.
For the most part, the typical user's company is already carrying out many of the tasks or application areas addressed by the PMICS.
The project management staff normally prepare all the reports and tracking logs. Information is gathered by the project's office engineer and entered into various tracking logs, either on paper or in the computer. The project manager receives information on printed forms from various sections or sites, and there is significant duplication. The appearance of reports resulting from the PMICS may remain largely the same as that of the existing ones, but the efficiency of maintaining them, the consistency of the information, and the ability to distribute the information would all be greatly enhanced.
Sources and Uses of Construction Information
The information contained in a PMICS would originate from, and be disseminated to, a variety of sources. Although the matrices described previously give some indication of these information flows, the sources and uses of some of the main bodies of information were analyzed in more detail. Some of the information, such as a standardized coding scheme for projects' work breakdown structures (WBS, a list or chart of work items), is not specific to one particular project. Such information would be developed over time within a construction company and would reside within the PMICS system with only infrequent updating. Some project-specific information such as a general description of a project and its participants would be obtained at the beginning of the construction phase and would remain static during the entire construction project. Other information such as correspondence logs or daily site reports would require periodic or even daily updating throughout the life of the project. Default values can be included to reduce some of the data entry requirements (Russell 1993) .
The information gathered in a system would be distributed to participants throughout the project, with the recipients and regularity dependent upon the content of the specific reports. A more detailed breakdown of the various information sources is provided in Shahid (1996) .
The Objectives of the Information System
The proposed PMICS is intended to be a userfriendly application that is easy to access by the different project team members. A form-oriented user interface is desired. The main objectives and the scope of the PMICS are as follows:
• To increase the efficiency and effectiveness of the project information management function,
• To enable more project reports to be made available more frequently with less effort, • To eliminate redundancy within various project information sources and to standardize the format used for the various reports, • To reduce the amount of time spent recording, preparing, and posting reports, and • To improve the tracking and control of the project and activities status.
SYSTEM DESIGN
The third phase of the research involved transforming the requirements identified in the two previous phases into a system specification and designing a user interface. All the information or data required as output was reviewed and defined in detail before starting conceptual data modeling. All the main entities to be tracked in the proposed application were listed, including the characteristics of each entity and the required system output. This process led to the formation of a series of selected user views.
A user view is defined as a subset of data required by a particular user to make a decision or carry out some action (McFadden and Hoffer 1988) . User views were identified by reviewing tasks that are performed or decisions that are made by users and by reviewing the data required for these tasks and decisions. The important sources of information for user views include existing reports, tracking logs, files, documents, and displays (these have been discussed by several researchers such as Tidwell (1992) , Fisk (1993) , O'Brien (1990) , Levy (1994) , Callahan and Bramble (1983) ). Each user view yielded a set of data items that are of interest and are logically related to each other. Entity relationship (E/R) diagrams were used to model the relationships between these data items. These models helped identify entities of interest, their attributes, and their relationships. From these, a data dictionary for the system was created to capture the full definitions, characteristics, and attributes of all data entities.
The models underlying the individual user views were combined into an overall conceptual model. This model depicts a few central entities such as projects, work items, participants, etc., and identifies the transactions that must be tracked throughout the life of the project. The PMICS's user views and the combined conceptual model are briefly described in the following sections.
View 1: Bill of Quantities
A Bill of Quantities (BoQ) is a schedule that gives brief descriptions and quantities of all the items of work involved. The quantities of work are computed from contract drawings and associated documents according to standard measurement methods. The contractor enters a unit rate against each item of work and the extended totals are added to give the tender total. The contractor requires a BoQ to build up his tender for both lump sum and unit price contracts (prepared by the contractor or provided by the owner, respectively).
The information from a BoQ is useful in quoting for a job, estimating the cost of developing a new site, subcontracting out, producing a site budget and cash flow forecast, preparing periodic progress payment requests, providing information to enable accurate cost control during the site construction, etc.
This view provides bill of quantities information to the Construction Manager, Chief Estimator, Procurement Manager, Project Manager, Project Engineer, Planning and Scheduling Engineer, Cost Engineer, Estimator, Field Engineer, Superintendent, and Foremen. Typical queries for this view involve finding the quantity, cost and budget of an item, and providing total project cost summaries.
View 2: Bid Summary Sheet
Several bidders bid for various work packages or trades on a construction project. Before beginning any contract negotiation, all the bid information must be organized and collated. A Bid Summary Sheet is useful as a collection point for information about bids submitted, bids requested, and bids received on each of the trades of a project. Quotes submitted by bidders can be recorded and stored for later review. The purpose of this view is to provide a means of comparing one quotation with another to ensure uniformity or to highlight differences.
This view provides bidding information to the Project Manager, Procurement Manager, and Estimator. The following queries are typical for this view: find quotations and bids from subcontractors and suppliers for different trades; compare quotations with budget; provide a bidder ranking list or find the most competitive bidders to negotiate with; list the selected subcontractors and suppliers; find the start and completion dates for a trade in order to call the selected subcontractor to start the work.
View 3: Change Orders Log
A change order is a written agreement to modify, add to, or otherwise alter the work from the approved contract plans and specifications. Although either party may initiate the change order, it is usually prepared by the owner and submitted to the contractor, who signs it and returns it to the owner for acceptance. Most construction projects go through contract modifications or changes during their construction phases, and these changes can be the primary causes of disputes and claims because they modify the original contracts and record changes in the contract price and the project schedule. Hence, it is necessary to monitor and track the change orders and their effect on the contract cost and completion time through the use of a Change Orders Log. This log is also invaluable for locating and retrieving change order documents from files.
This view provides change order information to the Project Manager, Project Engineer, Construction Manger, Procurement Manager, Planning and Scheduling Engineer, Estimator, Accountant, Superintendent, and Foremen. The information describes the current status of a change order and its details, including description, approved change order amount, time impact, revised contract price, and revised completion date. Typical queries for this view include: find the work items and trade subcontractors affected by a change order; find the contract time impact in days and the revised completion date resulting from a change order; find the change order amount and revised contract price; find the status of a change order and the responsible subcontractor.
View 4: Correspondence Log
Construction projects produce a large amount of correspondence--a principal method of communication between site and external organizations such as owner, engineer, subcontractors, and suppliers.
All important incoming and outgoing correspondence (such as letters, memorandums, interoffice communications, reports, invoices, etc.) must be recorded in a Correspondence Log for future retrieval. This log is an invaluable means of locating correspondence in case it is needed for substantiation or negotiation.
This view provides information to construction managers relating to correspondence such as letters between project participants, change order packages, submittal records, as-built drawings, specification interpretations, records of negotiations, minutes of meeting, memoranda, inter-office communications, reports, invoices, etc. The following queries are typical for this view: find a specific item of correspondence; find the contents of a piece of correspondence; find the originator or receiver name; find the original date and receiving date; and locate filed correspondence or submittals.
View 5: Daily Site Events/Reports (Daily Report)
Construction projects generally maintain Daily Site Reports as a principal method of recording project activity and conveying information on site matters to home office, the owner and other parties. A daily report traditionally records the number of equipment working, names of the subcontractors working, amount of labor present for both the general contractor and subcontractors, description of the work accomplished during the day, weather conditions, visitors to the site, problems encountered during the day, additional workers, equipment, or materials necessary for near future work, and requests to the home office. This document becomes a part of the permanent file and is one of the most useful sources of information in the event of a dispute.
This view provides project managers with the daily site information reported by the field engineer or superintendent. Typical queries include: find the details of subcontractors' force account (number of people working on the job-site); find the details of work progress and equipment; find the details of weather conditions; find the names of visitors and their purpose of visit; and prepare and print the daily report.
View 6: Defective Work Notices Log
A Defective Work Notification is a written notice of deficiency and a formal demand for corrective action by a contractor. Defective Work refers to work that does not meet the contract requirements. The engineer or owner's representative may reject work on the basis of non-complying work, material, or tests of material. A Defective Work Notices Log is helpful in tracking down the defective-work notices received and the subsequent related actions taken for correction. As any non-complying work is subject to removal and reconstruction, corrective action, or acceptance by the owner upon consideration of a price discount, this log is very useful in tracking down rejected work and the nature of the rejection, corrective actions needed, and the estimated value.
This view provides information about defectivework notices to the Project Manager, Project Engineer, Field Engineer, and Superintendent. The information relates to the notices issued by the architect/engineer of a project and their corrective actions needed. The following queries are typical for this view: find details of non-compliance notices; and find a list of outstanding rejected work items and their status for field inspection.
View 7: Materials Storage Log
This view describes materials delivered to the site but not yet incorporated into the facility. Information about the availability of materials is always helpful in order for construction to proceed smoothly. Some contracts even allow for partial or full payment of stored materials. When costly items that require long fabrication lead times are delivered to the site, partial payment is often requested while they are stored on site. A Materials Storage Log is useful in tracking stored materials, their location, and value.
This view provides the Project Manager, Project Engineer, Purchasing Agent, Estimator, and Superintendent with information about materials delivered but not yet incorporated into the work. Typical queries include: find the status of on-site materials so that new materials can be procured as necessary; and find the value of materials stored and installed.
View 8: Monthly Progress Reports
To claim progress payments, a contractor is required to submit a monthly progress report showing the estimated quantity of work done up to the end of each month. This is important since it provides a cash flow to progress through the job smoothly. A Monthly Progress Report is a means of itemizing work completed to-date and extending the amount during the current pay period. This report includes all the items on the Bill of Quantities and additional columns to show the current month's progress (quantity or percentage, and earnings), and progress to-date. This view also provides total monthly value of work done for a particular trade for an interim payment to subcontractors.
This view provides monthly and up-to-date progress information to the Construction Manager, Project Manager, Project Engineer, Estimator, Planning and Scheduling Engineer, and Field Engineer. The following are typical queries for this view: find the progress of work; find the work remaining for updating the project schedule; and determine monthly progress.
View 9: Site Photographs Log
Photographs of job progress or construction details are a valuable part of the project documentation and are sometimes required by the project specifications. This leads to a considerable amount of work in photograph and negativehandling alone.
Even if it is not a project requirement, many contractors take job photographs for a variety of reasons such as recording unusual project conditions, recording a complex construction process to show compliance with the contract documents, recording the condition of materials and environments, or helping substantiate a change-order request. The type of photograph is related to its purpose: progress photographs, public relation photographs, time-lapse photographs, claims-exhibit photographs, etc. A Site Photographs Log is useful for tracking photographs by roll number, negative number, facility or area, date, or keywords, etc. The log also establishes the date and sequence of photographs intended for claims exhibits.
This view provides a project's photographs information to the Project Manager, Project Engineer, Planning and Scheduling Engineer, and Field Engineer.
View 10: Requests for Information (RFI) Log
During the bidding and construction phases, a number of questions arise regarding interpretation of the plans and specifications. These field questions are often termed Requests for Information (RFI) or Request for Clarification (RFC).
In most construction contracts, the engineers are obliged to provide answers to the questions in a reasonable amount of time. Late clarification is sometimes a basis for claims. Hence a system is required for filing, locating and retrieving both questions and answers throughout the life of a project. A RFI Log is a means of logging and tracking field clarification questions, critical items, and their dates. This log is used when subcontractors raise questions that require answers from the general contractor or design consultants, or when the general contractor needs to obtain information or clarification from a subcontractor or owner/architect/engineer. This view enables the Project Manager, Chief Engineer, and Project Engineer to control information about RFI or clarification from different project participants. The following queries are typical examples for this view: retrieve a particular RFI; find details of a particular RFI; find the total response time; list the outstanding RFIs; and find the contact numbers of the engineer and subcontractor.
View 11: Shop Drawings Log
Submittals arise on construction projects when contractors and subcontractors submit shop drawings, samples, certificates, test results, etc., for review by the owner or engineer. These submittals contain detailed information concerning relationships, quantities, construction methods, locations, sizes, and other information about equipment or materials to be incorporated into the construction project. The project specifications establish the procedures for handling shop drawing and any other submissions, generally requiring the engineer to review, comment on, and return shopdrawing submittals to the contractor within a certain time frame. Shop drawings that are returned late can form the basis for a claim for time extension or can have other impacts on the project. It is also important to note when a particular submittal is due from the subcontractors and suppliers, so that they can be reminded. A Shop Drawing Log is a documentation of all shop drawing transmittals received from the subcontractors or sent to the engineer, and a record of the action taken in each case. It is a means of logging, tracking, and following-up on submitted shop drawings. Not only does such a tracking log allow a project manager to keep track of which drawings have been received, but it also shows where the drawings have been sent and how long they have been there.
This view provides shop-drawing and other submittal information to the Project Manager, Project Engineer, Purchasing Agent, and Superintendent. The information relates to the status of submittals from a subcontractor or supplier for review by the architect/engineer. Typical queries include: find shop-drawings due for submission; find the details of a particular shop-drawing; find the status of a submittal and its approval; and find the time-lapse for a shop-drawing review.
View 12: Spare Parts Log
Some construction contracts require the installation of different types of equipment along with a large inventory of spare parts to be handed over to the owner at the end of the contract. A Spare Parts Log is a means of tracking spare parts that have or have not been delivered to the owner.
This view provides spare parts information to the Project Manager, Procurement Manager, Purchasing Agent, and Superintendent. The information lists various spare parts to be delivered to the owner and their status. Queries for this view include: find the status of spare parts delivery; and find the list of spare parts to prepare a purchase order.
View 13: Punch List Log
A Punch List is a list of items, usually minor, prepared by the owner or engineer that must be completed by the contractor before a project is finally accepted. From a contractor's standpoint, the punch list is the final doorway to project completion and acceptance. In order to ensure prompt completion of this critical close-out requirement, a definitive method of recording, tracking and reporting punch list items is a necessity of the project. A Punch List Log is a useful means of recording, tracking and reporting punch list items. It contains the date each punch list item originated, an accurate description of the work to be done, the person generating the item, an estimated dollar value of the work, the date each punch list item was rechecked, and the person rechecking the item.
This view provides punch list information to the Project Manager, Project Engineer, Field Engineer, and Superintendent. A typical query would be to find the status of remaining work items, their details and the name of the responsible subcontractors.
Development of an Integrated Conceptual Data Model
The data views described above were combined and distilled into a single overall conceptual model for project information content and information flows. This section describes some of the central concepts around which the conceptual model was based. A simplified illustration of this model is shown in Figure 6 .
Entities are defined to allow the classification of construction work at various levels of detail. One of the concepts used to classify work is a specification. A specification is a part of the contract documents containing technical descriptions of material, equipment, construction systems, standards, and workmanship. However, the specifications also define a classification scheme for categorizing all of the work carried out on the project, generally according to a traditional standardized breakdown scheme.
Classification schemes such as CSI Masterformat are widely accepted (though not universally) in the construction industry (Froese 1993 , Ganeshan et al. 1994 . Masterformat also provides a framework for organizing all construction documents. For the proposed PMICS, many of the files and documents are classified according to a listing of specification sections which are based on CSI Masterformat sections.
Specification sections, however, are not precise enough to use for differentiating all of the individual items in an estimate, for example (Stewart and Stewart 1986) . Thus the specification sections are related to a more detailed work breakdown structure (WBS) classification scheme adopted from the American Society of Professional Estimators (ASPE) classification hierarchy, which is parallel to the CSI Masterformat classification hierarchy. A work item is defined as a portion of work that can be observed, identified, and separated for purposes of estimating, cost accounting, and management (Collier 1994) . The WBS items defined in the PMICS model identify categories of work items.
Whereas WBS items are more detailed than specification sections, a list of trades is more general. A trade is a division of work covering all activities related to the same field, e.g., plumbing, HVAC, or electrical. The PMICS adopts the assumption that all specification sections categories will fall within the domain of a single trade, but each trade may involve work from numerous specification sections (this seems to be generally true, though it may oversimplify the actual case). Since WBS items are related to specification sections, which in turn are related to trades, any WBS item can be associated with a specific trade.
The PMICS model includes a general representation for companies and people. Companies that are subcontractors or suppliers can be related to one or more trade areas. Thus, for any WBS item, specification section, or trade category, all related subcontractors or suppliers can be identified.
Other companies such as general contractors or designers can also be represented. Individual people can be represented and are associated with the companies they work for. The employees of the user's company can also be recorded in this way. Each company can have one or more contact people defined.
A construction company can have multiple projects running or completed.
All of the participating companies involved in a project can be recorded. A database of projects can therefore be used to get information about past projects of similar type, list the architects, engineers, or project managers on previous projects, or identify past projects within a specified location, for example.
For estimating and project control purposes, a breakdown of project work items involved in a job is defined for each project. The work items are related to the WBS items classifications. At a broader level of detail, the work packages that are put out to tender are also defined. Work packages are associated with individual trades and with the bids submitted from individual companies for the work. Various project information items are then defined. Some of these can be related to specific project work items, such as progress measurements and shop drawings. Other information can be categorized by specification section, including change orders, defective work notices, punch lists, material storage information, and spare part records. Still other information is related only to the project in general, including correspondence, daily site activity records, site photographs, and requests for information. For each of these information items, logs of information transactions can be maintained. Although these are not shown in Figure 6 , it is these logs of information items--along with a Bill of Quantities that summarizes all project work items and a Bid summary sheet that lists all bids--which define the 13 user views presented previously.
IMPLEMENTATION
The final phase of the system development maps the conceptual model to a physical database structure, following the design specifications and user requirements identified in previous phases. The following steps, as shown in Figure 1 , were carried out in this phase.
Select System Hardware and Software
The hardware selection considered requirements for factors such as the speed of the personal computer (PC) for processing and updating data, size of the hard disk for data storage, RAM (random access memory), software requirements (database, spreadsheets, and graphics capabilities), expandability of the computer system, etc. Overall, it was determined that a typical desktop PC configured for general office applications was sufficient for the PMICS. A commercial database management software package such as Microsoft Access was found to be well suited for developing the application.
Develop System Prototype
A fully operational prototype of the PMICS, which fulfills most of the system's requirements, was developed. The prototype demonstrates the idea of using a PMICS for information handling during the construction phase of a project. Although the prototype was simple, it realistically demonstrated all database functions. This section describes the design of the relational tables and the user interface for the prototype.
Relational Database Design
After finalizing the entity-relationship model, all the entities were normalized to their third normal form. They were then mapped to the relational model, creating 25 tables, as summarized below. The name of each table is listed along with some of the typical data fields for each table in parenthesis (the primary key fields for each table are underlined). As the purpose of the database is to create queries, forms, and reports that successfully retrieve data from more than one table, a number of default relationships were defined to relate the information in the various tables.
Interface Design
After the database tables were implemented, the user interfaces were developed. Like other relational database management systems, Microsoft Access allows multiple views on the data. All the interfaces were given a similar look and feel. Although the user interface centered around the 13 main user views defined previously, various user interface formats and sub-forms were provided, leading to a total of 31 queries developed to support 57 various user interface forms and 14 report formats for information distribution. Finally, several macros (processing routines) were defined to help automate some of the steps involved in working with the system.
Performance Evaluation
The general performance of the prototype system was evaluated against several typical test cases. Sample data representative of actual use was entered into the system and numerous typical queries, forms and reports were generated. The prototype was found to meet the objectives of the proposed system. The prototype was not tested on an actual construction project.
CONCLUSIONS
To summarize the research reported in this paper, a study was undertaken to evaluate information and information flows on a construction project, particularly as they relate to computational tools for helping to manage project information. The project included an extensive literature search and survey of information management for construction projects. Based on this study, several matrices for evaluating project personnel, their information needs, project documents, and the information content of various documents were developed, along with global data models for documents in the construction industry. A system design methodology, which could be applied to information system development within most organizations, was developed and used to create a prototype Project Management Information Control System, PMICS.
PMICS supports project managers' information control requirements through several key features. These include the provision of a project information storage and retrieval database to facilitate the task of job site information control, an expanded means of problem identification and tracking which includes transaction management, the ability to generate a wide variety of periodical reports (e.g., daily site report, monthly progress report, outstanding shopdrawing report, etc.), and the ability to support claims analysis (e.g., by tracking and reporting cost and time impacts of change order approval, shopdrawing approval, etc.).
The database system presented in this paper is general enough that it can be used for the control of project management information for any construction project. It is anticipated that the use of database technology in project management applications will continue to become as routine, and as important, as the use of word processing and spreadsheets in construction offices. The increased understanding of the information requirements, content, structure, and flows on construction projects developed from this study provides an important input to ongoing efforts to improve computational tools for the construction industry and to facilitate wide-spread integration through industry data standards.
